n, the US Department of Defense has required military aircraft to exhibit 'acceptable' handling qualities. Initially these qualities were defined simply in terms of stability and control. However, the more recent version of these specifications 9 also incorporates pilot opinion in addition to the classical engineering parameters. Civil airworthiness requirements also require aircraft to demonstrate satisfactory handling qualities as part of the certification process.
With the advent of fly-by-wire (FBW) flight control systems, the control engineer is no longer restricted to producing an aircraft that handles 'conventionally'. The control col-. umn may now command flight path angle directly, rather than using the first-order surrogate of aircraft pitch rate. Alternatively the column may now make an acceleration (or 'g') demand. These options for flight path control, which were not available thirty years ago, have made the assessment of aircraft handling qualities even more important than in the past. There are now many more options from which to choose, and considerably more precise ways to refine an aircraft's behaviour.
Despite the importance of providing an aircraft with acceptable handling qualities, it still remains difficult to define precisely what is meant by this term and it is even more difficult to operationalise through measurement. Harper and Cooper 5 defined handling qualities as 'those qualities or characteristics of an aircraft that govern the ease and precision with which a pilot is able to perform the tasks required in support of the aircraft's role'. Gibson 3 suggested that this definition be expanded to include the ease with which the pilot can compensate for any disturbing effects of the environment. However, both definitions implicitly incorporate pilot opinion. This is essential as the simple physical measurement of an aircraft's open-loop response to a disturbance input can give an extremely misleading impression about how easy it is to control.
An aircraft may exhibit excellent open-loop stability, but when the pilot is trying to fly a high-gain, closedloop task such as air-to-air refuelling, it may be almost uncontrollable. An engineer makes judgements about the aircraft's handling qualities from data derived from only a part of the total pilot/vehicle system. The pilot alone can observe the complete dynamic behaviour of the aircraft. As a result, handling qualities cannot be defined simply by engineering descriptions of an aircraft's response to a pilot's input. Any assessment of handling qualities must include the pilot's perceptions of the aircraft's behaviour.
Difficulties in the measurement of opinion
The quantification of a pilot's opinions about the behaviour of his/her aircraft poses interesting measurement problems. Pilot opinion is vital in these circumstances but 'objective' measurements are not possible. Furthermore, to be of any use the handling qualities assessments must, in psychometric (psychological measurement) terms, be both reliable and valid. This is one of the problems that the human factors engineer is faced with when attempting to devise a method by which a test pilot can assess and describe the behaviour of a new aircraft.
Reliability and validity are two key aspects in the quantification of human assessments of hypothetical constructs, and the handling qualities of an aircraft are certainly a hypothetical construct. You can't see it, or feel it, or objectively define all its components: it has many facets. Ask any test pilot, though, and he can certainly tell the difference between an aircraft with good and bad handling qualities.
When dealing with hypothetical constructs and their measurement, reliability refers to the ability of your measurement instrument (your tool to gather the pilot's opinions) to produce the same answer in the same circumstances, time after time. Imagine the problems you would have if, when you were trying to measure the size of this journal, the length of lcm on your ruler varied. If your measurement instrument was not reliable, how would you know how big the page was? Your problems are compounded further when trying to measure a hypothetical construct, such as aircraft handling qualities. In this case you don't even know what units your ruler is calibrated in! There are two basic types of reliability: intra-and inter-rater reliability. Intra-rater reliability refers to the ability of a rater using a scale to make consistently the same judgement in the same circumstances. Inter-rater reliability is the ability of several raters to come independently to the same conclusion. However, high levels of inter-rater reliability will never be attained unless a high level of intra-rater reliability is first achieved. The quantification of intra-and interrater reliability is usually expressed as a 'test/re-test' reliability coefficient, where an assessment of the same thing in the same circumstances is made by a rater (or raters) on several different occasions. The agreement between their observations is expressed as a simple correlation coefficient.
Establishing the validity of the measurement of hypothetical constructs is much more difficult.
Pilot opinion -Harris _
Validity is concerned with establishing if your measure actually measures what it is purported to measure. There are various types of psychometric validity, but the most pertinent for the current discussion are content and construct validity. For a scale to have content validity, its components must encompass all the most relevant aspects of the domain to be assessed, in this case aircraft handling qualities. This requires a systematic assessment of the domain at the outset of the scale's development. Construct validity relates to the degree of association shown by the scale to other theoretically associated variables. In this case, these may be the classical engineering measures of stability and control, etc, even though it is known that these latter parameters are not on their own enough to describe the handling qualities of an aircraft. It is important to note that the validity of a psychometric scale in any of its forms can only ever be inferred, it can never be established beyond doubt.
Previous measurement attempts
The most common scale used to assess pilot opinion about aircraft handling qualities is the CooperHarper scaJe 1 . This describes aircraft handling on a simple 1-10 scale, where low numbers represent desirable handling characteristics ( Figure   1 Is it possible to change speed quickly and accurately, using the engine and/or speed brakes? 
____________________ Pilot opinion -Harris
Parameter Operationalised examples Longitudinal Is pitch control adequate; is there always enough pitch control for the desired manoeuvre, e.g. in
Content validity
To ensure that the new scale had a high level of content validity, the parameters of aircraft handling qualities it contained were derived from data gathered from a survey of 141 qualified test pilots. These pilots provided handling qualities assessments for 75 disparate types of aeroplane. The data were subject to a Confirmatory Factor Analysis procedure which identified five basic, stable dimensions of aircraft handling qualities. These were initially labelled 'pitch control', 'roll control', 'yaw control', 'trimability' and 'speed control' (see reference 8 for a full description). However, even though the identification of these dimensions ensured the content validity of the new handling qualities scale, these dimensions still needed to be measured using a rating format that would produce a high degree of reliability.
at hand. Furthermore, different aspects of an aircraft's behaviour will be important in different circumstances, for example, any difficulty in trimming the aircraft may be of lesser importance during take-off than during cruising flight. A similar situation was faced by researchers into pilot workload two decades ago. It was recognised that workload was a multidimensional concept and that there was an interaction between the type of task and the nature of the workload demands imposed upon. This basic premise formed the basis of the NASA-TLX (National Aeronautics and Space Administration -Task Load Index) multidimensional workload scale? The NASA-TLX requires the pilot to make ratings of the amount of workload experienced on six sub-scales (e.g. mental demand or temporal demand). Pilots also then need to assess the importance of each of these sub-scales to that particular task. Subscale scores are a product of multiplying the workload rating by its associated importance rating. This approach used in the NASA-TLX formed an excellent basis for the format of the Cranfield Aircraft Handling Qualities Rating Scale (CAHQRS).
Pilots completing the CAHQRS are required to rate the aircraft's behaviour when performing a manoeuvre on each of the five dimensions identified (now labelled longitudinal handling characteristics, lateral handling characteristics, directional handling characteristics, trimming and speed control) using a ten-point rating scale. Operational definitions of the five dimensions of the CAHQRS are described in Table I .
The scale point descriptors used in the CAHQRS for making handling qualities ratings were derived directly from the Cooper-Harper handling qualities scale. This ensured that users were familiar with the rating format. However, in addition to rating handling qualities on each of these dimensions, the pilot also assesses how important each of these aspects is for the particular manoeuvre. This latter scale (the 'criticality index') is presented in Table 2 . The criticality index scores are derived prior to undertaking the flight tests and remain constant irrespective of aircraft configuration. These scores represent characteristics of the flight task, not the aircraft's handling qualities.
Scale format and administration
As noted previously, the handling qualities of an aircraft can only be defined with respect to a specific task. An aircraft may exhibit exemplary behaviour in the landing flare, but may be uncontrollable when the pilot is engaged in a longer-duration, highgain task such as air-to-air refuelling. There is a strong interaction between aircraft handling qualities and the task Description RatiD!!: Entirelv unrelated to task oerformance I Moderately related to task oerformance 2 Related to task oerformance 3 Important for successful task performance 4 Critical for task performance 5 
Initial trials
Data were obtained over 37 simulated sorties involving two flight tasks. These used a variety of control laws. A flight model with conventional dynamics was used as a baseline aircraft for comparison. The aircraft simulated was a twin-engined, turbinepowered regional transport. The flight scenarios were an in-flight refuelling
Scoring and presentation of CAHQRS data
Handling qualities data obtained for a manoeuvre are plotted with the criticality index score on the x axis, and its corresponding handling qualities rating on the y axis (Figure 2 ). In this way it is evident that if the histogram box is wide (suggesting that component of the aircraft's handling is vital for the task), the bar should be short (a good handling qualities rating). Presentation of the data in this way enhances the scale's diagnosticity. An overall handling qualities score can also be calculated. This is done by adding the cross products of each subscale's handling qualities rating and criticality index scores and dividing this number by the sum of the criticality index scores. As for the CooperHarper scale, a low score represents desirable handling qualities. the requirements of the task being flown. The pilot can then settle on a handling qualities rating. This requires the rater to make many implicit judgements during the process, hence there is great scope for variability which may explain the lack of test/re-test reliability. CAHQRS makes this process explicit. The importance of each of the handling qualities components for a given task is made explicit prior to performing the task (the criticality index). Then the pilot is only required to make explicit evaluations of the five welldefined aspects of the aircraft's behaviour, irrespective of how important each is in the manoeuvre being undertaken. The final rating is produced using a mechanical and explicit process with less scope for subjective variation in either process or rating, hence the higher reliability observed.
A final word of warning
To reiterate, despite all the problems in measuring pilot opinion, the handling qualities of an aircraft cannot be determined solely from 'objective' parameters such as its flight path. To do so would be naive. Consider the following scenario. It could be suggested (by the uninitiated) that the best way to establish which of a new set of flight control laws was the best would be to measure tracking accuracy while performing a series of ILS approaches (e.g. RMS deviations from the localiser, glideslope and optimum approach speed). However, even if an aircraft has only moderately good handling qualities (or even quite poor characteristics), most pilots will still be capable of flying it to the required accuracy during these approaches. If fact (rather perversely) it may even be observed that the aircraft with the poorest handling qualities ratings exhibits the lowest RMS errors on all the objective dimensions. Why? Simple 'objective' measurements do not tell the whole story. A poor-handling aircraft may occupy 90% of the pilot's attention during the approach. Its handling qualities may be so poor that any small deviation from the optimum approach path needs to be corrected swiftly as a situation could continued over 
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Trim task and an ILS approach and landing task which included a severe wind shear. Both tasks excited the longitudinal, lateral and directional dynamics. An example of the type of data elicited in the trials is shown in Figure  2 . There it can clearly be seen where the fly-by-wire aircraft gains over the aircraft with conventional dynamics, and which components of the aircraft's handling are most important for the task at hand. Perhaps as importantly, the new scale exhibited excellent test/re-test reliability. For the longitudinal handling characteristics sub-scale, the reliability coefficient was 0.68; 0.98 for lateral handling characteristics; 0.63 for directional characteristics; the trimming sub-scale showed a test/re-test correlation of 0.54; and the speed control dimension produced a reliability coefficient of 0.93. The test/re-test correlation for the composite CAHQRS score was 0.95.
These exceptionally high reliability coefficients can be explained by analysing what a test pilot must do to produce his final Cooper-Harper rating. The rater must mentally compose a composite score based on all individual aspects of the aircraft's handling. These must be weighted relative to one another and with regard to 
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Continuedfrom previous page develop rapidly and in such a way as to make it almost impossible to recover back to the required track. As a result the aircraft needs to be flown 'tightly'. The pilot of a very well behaved aircraft, however, may allow large deviations from the localiser and glideslope to develop as these are easily corrected, hence the nicer-handling aircraft may seem to produce poorer performance. However, in this latter case the aircraft may only be occupying 10% of the pi lot's attention during the approach.
Here the issue is that just quantifYing speed and alignment errors to draw conclusions about the aircraft's handing qualities is not enough. The cost (in terms of mental workload) to the pilot to attain the desired level of performance also needs to be considered concurrently, otherwise some spurious conclusions may be drawn. Alternatively, you could just ask for the pilot's opinion.
